A search was made at the Brookhaven alternating gradient synchrotron for magnetic monopoles produced either in collisions of 30-BeV protons with light nuclei, or produced by y rays secondary to these protons in the Coulomb Geld of protons or of carbon nuclei. In runs using 5.7X10'~circulating protons, no monopolelike event was found. This implies an upper limit for production in proton-nucleon interactions of about 2X10~cm'. Experimental limits are also derived for the photoproduction of pole pairs. ' The design of our experiment rejects this prejudice, and in the discussions to follow, unless otherwise stated, the magnetic charge g is assigned the magnitude (137/2)e. The sensitivity to multiply charged monopoles is considered in Sec. 10. One assumes, of course, invoking charge conservation, that magnetic poles must be created in pairs and, conversely, that an isolated pole cannot vanish. Given the manifest scarcity, not to say absence, of monopoles in ordinary matter, this promises practically unlimited life to any monopole once it has been macroscopically separated from its partner in creation.
A search was made at the Brookhaven alternating gradient synchrotron for magnetic monopoles produced either in collisions of 30-BeV protons with light nuclei, or produced by y rays secondary to these protons in the Coulomb Geld of protons or of carbon nuclei. In runs using 5.7X10'~circulating protons, no monopolelike event was found. This implies an upper limit for production in proton-nucleon interactions of about 2X10~cm'. Experimental limits are also derived for the photoproduction of pole pairs. ' 'T has been shown by Dirac' that the existence of ã -magnetic monopole would not be incompatible with quantum mechanics as we know it providing the magnetic charge g of the monopole is related in a particular way to the electronic charge e. It is necessary that g/e be an integral multiple of bc/2e'. Thus, the smallest magnetic pole strength allowed, other than zero, is (137/2)e or approximately 3X 10 ' emu. Dirac suggested that the existence of such an entity might have something to do with the quantization of charge and that magnetic monopoles, though hitherto unobserved, might be made in pairs in very energetic processes.
That suggestion has stimulated several previous experimental searches for a magnetic monopole. The first experiment to be reported was that of Malkus, ' who devised a simple but elegant collector and detector of monopoles which might be incident on the earth' s atmosphere as a component of the primary cosmic radiation, or which might be created in the atmosphere through the agency of the ordinary energetic primaries.
Malkus was able to set an upper limit of 10 " cm -' sec ' for the Aux of such monopoles from either source. 3Iore recently, Bradner and IsbelP have described experiments carried out at the Bevatron in which they looked, also without success, for magnetic monopoles which might have been made in processes initiated by 6-BeV protons.
As accelerators of considerably higher energy have become available, the question has been reopened. We re- ' P. A. M. Dirac, Phys. Rev. 74, 817 (1948) .
'%. V. R. Malkus, Phys. Rev. 83, 899 (1951) . ' H. Bradner and W. M. Isbell, Phys. Rev. 114, 603 (1959) .
M. Fidecaro, G. Finocchiaro, and G. Giacomelli, Nuovo Cimento, 22, 657 (1961 The design of our experiment rejects this prejudice, and in the discussions to follow, unless otherwise stated, the magnetic charge g is assigned the magnitude (137/2)e. The sensitivity to multiply charged monopoles is considered in Sec. 10. One assumes, of course, invoking charge conservation, that magnetic poles must be created in pairs and, conversely, that an isolated pole cannot vanish. Given the manifest scarcity, not to say absence, of monopoles in ordinary matter, this promises practically unlimited life to any monopole once it has been macroscopically separated from its partner in creation.
Very little can be said a pnori about the mass of the hypothetical monopole. Dirac ventured only the speculation that it might be of the order of magnitude of a nucleon mass. In our experiment the heaviest monopole that could be produced in pairs in nucleon-nucleon collisions would have a rest mass of 2.9 BeV, that being half the energy available in the center-of-mass system for a 30-BeV proton incident on a nucleon in the primary target. (The mass limit would be higher, if coherent production in proton-nucleus collisions by way of longrange forces were to be considered. ) A value of the rest mass that has a certain numerological appeal, but no more serious claim as far as we know, is 2.4 BeV, a mass which would endow a magnetic monopole of charge (137/2)e with a classical radius equal to that of the electron. Because this figure lies comfortably within the upper part of the range accessible in our experiment, we shall frequently adopt it as an example in discussing ing faithfully a 6eld line in a homogeneous liquid. Our experimental strategy was based in part on the preceding considerations, the idea being to avoid stopping the monopole in solid matter between creation and detection, to conduct it instead through a liquid by applying a magnetic 6eld which would also serve to extract it from the surface of the liquid. The process of extraction from the liquid surface will be discussed in detail in Sec. 5 below.
OUTLINE OF THE EXPERIMENT
The experimental arrangement is shown in I'ig. 1.
A long straight section in the AGS machine is occupied by an evacuated target box which contains a Qipping target shown at the left of the figure as the "primary target". This target consisted of a light material (Be, C, CH2, Al) about 0.06 in. thick; it served a number of high-energy experiments with respect to which our experiment was a parasite. At the center of the straight section a well in the target box, 8-in. i.d. , serves to intercept a fraction of such magnetic monopoles as might be created in a proton-nucleon interaction in the primary target and projected forward with a velocity comparable to that of the proton-nucleon center-ofmass system. Our "sample" monopole of mass 2. The liquid has another function. It serves as a target for possible electromagnetic production of monopole pairs by the energetic photons which traverse the well.
The oil "converter" is about half a radiation length thick and is favorably located to intercept a considerable fraction of the high-energy gamma-ray Aux from the primary target. "
Mounted vertically above the well is a long solenoid by means of which a monopole can be accelerated to high energy for detection. The interior of the solenoid is maintained at a pressure around 100p, by a fore-pump, and is closed at the top by a 0.002-in. -thick Mylar window. A monopole of the appropriate sign, stopping in the oil, is drawn to the free surface of the oil by the 6eld from the end of the solenoid. Assuming for the moment that it is there extracted from the oil as a bare monopole, it is accelerated in the evacuated region, arriving at the top of the solenoid with a kinetic energy near 1.1 BeV, a 6gure which depends, of course, only "On the downstream side the mell was lined by~4 in. of Pb. It is, however, uncertain (see Sec. 2) whether monopoles created in this material mould be extracted by the rather weak magnetic 6eld.
on the monopole charge, the field in the solenoid which was ordinarily 500 to 700 G, and the effective length of the solenoid, approximately 90 cm. The nonuniform 6eld near the lower end of the solenoid was exploited, as explained in more detail below, to focus all monopole trajectories into a small aperture at the detector end.
After passing through the Mylar window and a few centimeters of air the monopole enters the detector.
Two methods of detection were used: (I) a xenon scintillator consisting of a quartz tube filled with pure xenon and viewed by two photomultipliers, and (II) nuclear emulsions. Both detection methods relied on the high speci6c ionization of the magnetic monopole to distinguish it from the copious background of relativistic charged particles. This background couM have been ignored in using detector (I) if we had been quite certain that the mobility of the monopoles in oil would not greatly exceed that estimated above for the weak-6eld case. According to that estimate, the arrival of a monopole at the detector should be delayed until well after the spill-out of the proton beam, and the counters could simply have been gated oR during the spill-out period.
It had been our original plan to operate the scintillation detector in this fashion, despite lingering uncertainty about the mobility. Fortunately, it proved possible to cope with the background without gating the counter so that, in the end, our conclusions do not depend on the assumption of a minimum delay.
The photomultipliers which viewed the xenon tube were connected to a fast coincidence circuit, discriminator, and fast oscilloscope. The discriminator level could be set with reference to pulses from fission fragments provided by an internal Cf'" source. Allowing for loss in the windows, a monopole would have deposited in the xenon nearly ten times the energy of a fission fragment.
A discriminator setting around three times fissionfragment pulse height adequately suppressed the background; any pulses above this could be examined in detail on the oscilloscope photograph. For emulsion runs the xenon counter assembly was removed and replaced by a box with an aluminum window 0.001 in. thick, as indicated in Fig. 1(c) .
In the early runs the solenoid was pulsed (to 760 G) to avoid any harmful influence of its stray field on the proton orbits at injection. The solenoid was switched on for approximately half the machine repetition period, from 0.2 sec before to 1.2 sec after beam spill-out. After it was ascertained that the stray field caused no trouble at injection, we ran with the solenoid on continuously with, however, its field reduced from 760 to 500 G to avoid overheating.
The total exposure in any run was most directly recorded in terms of the number of protons in the circulating beam summed over all machine pulses. In the whole experiment we accumulated a total of 5.7)&10" circulating protons without recording any monopole-like events. To establish the significance of this negative result and to dispose of a number of possible loopholes, we shall have to discuss in detail the critical features of the experiment.
FOCUSING
The field of the solenoid has a first-order focusing e6ect on the trajectories of monopoles which start from rest near one end of, and are accelerated in, the evacuated column. Its action is like that of an electrostatic immersion lens for ions. The trajectories are independent of fieM strength and monopole mass in the nonrelativistic approximation. The focal distance depends on the position, relative to the end of the solenoid, of the source p.ane which is here the liquid surface. The liquid level was set so as to bring the calculated focal point just above the upper end of the solenoid. A relativistic calculation of the focal length was actually used, although the shift of focal point with mass over the mass range of interest is not serious because the bundle of trajectories from the source fills a very small angle at the focus. This is seen in Fig. 1 which shows Therefore, the range and ionization should be very much the same, in either detector, as expected for the bare monopole accelerated through the same field.
A hypothetical structure more dificult to handle wauld be a monopole bound to a nucleus considerably heavier than itself in a structure of dimensions intermediate between atomic and nuclear size. " Stripping might then occur in the windows, or in the emulsion, and not in the accelerating column. The monopole, with only a fraction of the expected energy, would have lost its partner before detection. The partner would also traverse the scintillator or the emulsion, ionizing fairly heavily because its electrons would also have been pretty well stripped away, but not so heavily as to deposit all its energy within the range anticipated for the fullenergy monopole. It seems likely that such an event would have escaped detection in both the scintillator and the emulsion.
'I. FIRST DETECTION SYSTEM; XENON COUNTER AND ASSOCIATED ELECTRONICS
The most important feature required of a detector of monopoles in this experiment is the capability of indicating a rare, extremely heavily-ionizing particle in the presence of a copious background of relativistic charged particles and the gamma rays close to the AGS target. We have constructed a xenon gas scintillation counter which meets such a requirement.
It is well established that the light response of the rare-gas counter has a fast decay time (10 ' sec) and "For a nuclear binding at any distance to occur, the monopole must 6rst traverse the diamagnetic barrier of the electronic shells. This requirement makes the prevalence of such structures unlikely.
that its pulse height is a linear function of energy loss. "
The latter characteristic is desirable vrhen detecting monopoles by pulse-height discrimination since their ionization density is between those of n particles and fission fragments. The narrow time spread of the light pulse is helpful in reducing the eGect of pile-up of background pulses during the beam spill-out period.
Another advantage of the gas counter over a possible alterna. tive, e. g., a solid-state detector, is that the sensitive volume of the counter can easily be given a shape which enhances the signal to background ratio in our particular experimental arrangement. That is, In view of the uncertainty on the mobility of monopoles as discussed in Sec. 2, it seemed to be desirable to knovr the time relationship between the beam spill-out and the detection of an event. This was accomplished with an accuracy of 1 msec by arranging for the coincidence output to turn o6 a sealer counting a 1-kc signal, the latter signal commencing at zero time of the AGS acceleration period. Beam spill-out occurred approximately one second after zero time and had a duration of 15 msec. The precise spill-out time was monitored with an auxiliary counter-telescope and proved to have negligible time jitter with respect to zero time.
The xenon detector system was calibrated using a
Cf'" spontaneous-6ssion source. " The source was evaporated on a thin circular platinum foil and placed along the inner wall of the xenon tube, equidistant from the two photomultiplier tubes. )See Fig. 1(b) j. In order to obtain a fission spectrum with good resolution, the dynode pulses of both photomultipliers were added, stretched, and fed into a pulse-height analyzer. The double-peaked fission spectrum as well as the lovr-energy alpha peak were observed. According to the time-ofAight measurements of Milton and Fraser, " these peaks correspond to 104.7, 79.8, and 6.11 MeV, respectively.
The height of the alpha peak was greatly reduced in our spectrum because of the limited solid angle in which alpha particles can travel their full range in the xenon gas. Nevertheless, the observed spectrum confirmed the linearity of our detector vrith energy loss over a wide range of specific ionization (about 30:1).
Th-monopoles, after being accelerated to approximately 1 BeV by the solenoid held, will deposit approximately 10 times as much energy in the xenon counter as the maximum-energy fission fragment. Thus, the built-in 6ssion source provided a convenient reference for setting the discrimination level. In view of some uncertainty in the estimated range of the monopole, we normally set the bias at 2.8 times that of the maximum fission pulse. During a long run, we frequently lowered the bias and counted the upper part of the fission spectrum as a general check of the whole detection system.
Pictures of the fission pulses mere regularly taken in order to monitor any drift in photomultiplier gain.
There mere two possible sources of spurious events which might give pulses large enough to trigger the coincidence circuit: (1) pile-up of small pulses due to the beam bunching, and (2) the production of stars with heavily-ionizing prongs. To avoid the former, we made provision to gate oG our counter during the beam spillout period by pulsing the voltage on the focusing grids of the photomultipliers.
However, it turned out that pile-up did not produce pulses larger than twice the maximum 6ssion pulse. Since a relativistic particle could not lose more than 0.2 MeV by ionization in passing through the xenon, it required well over 1000 particles bunched together within 20 to 30 nsec to produce a monopole-like pulse. Considering the geometry of our detector, the beam intensity (2 X 10" protons per pulse), and the observed internal structure of the beam, this was a highly improbable event. Neither did me obtain coincidence events due to star production. Large pulses which might have been due to this process mere observed only when the oscilloscope was triggered by either one of the two photomultipliers alone. The resultant photograph showed a large pulse in one counter and none at all in the other. This mas suggestive of star production in the wavelength shifter or in the photocathode material itself.
SECOND DETECTION SYSTEM: EMULSIONS
In a second series of runs, nuclear emulsions were used as detectors. To make long exposure times possible, an emulsion of low sensitivity, namely Ilford K-minus-2, was selected. The plates were 1 in. X3 in. in area, 200p, thick. The sensitivity was gauged in tmo mays. First, plates were exposed to a Cf'" source. Kith the development chosen, " the 6ssion fragments produced heavy black tracks, and residues of o-particle tracks, consisting of arrays of 3 -4 grains or of closely spaced pairs of grains, were visible. Next, an exposure to oxygen ions, of about 10 MeV/nucleon energy, was obtained. The ions, incident at an angle of 20' to the emulsion plane, produced tracks about 130@, long, moderately light for the major portion of their range, but black or nearly black in the region of maximum ionization near the end of their range. In this region, oxygen ions lose about 1.5
MeV/p, " about two-thirds of the energy loss of monopoles of charge (137/2)e. As the ionization of monopoles is so large and nearly independent of range, we could thus feel con6dent that these particles would produce easily visible tracks.
For the monopole exposures, the plates mere mounted in boxes and placed at an angle of 20' to the solenoid axis Lsee Fig. 1(c 
CONVERSION OF DATA INTO CROSS-SECTION LIMITS
As previously stated, we express our negative result in terms of upper cross-section limits for production of monopoles (a) by nuclear interactions and (b) by y rays.
An outline of the procedures used to arrive at these numbers follows.
(a) We assume that all pole pairs are produced in the primary target by the circulating protons and we neglect any production in the oil by scattered or secondary particles (compare Fig. 1 ). We assume further that all monopoles with the correct polarity (south) which enter the oil will there be brought nearly to rest, extracted To calculate an upper limit for cr", we used E =2.
Thus, for e equal to the limit, the probability is 86%%uo that one or more poles would have been observed. Nw as read on the AGS beam monitor which has an esti- The possibility might be considered that monopoles were created in the primary target, but were reabsorbed by the target nucleus in a secondary collision, due to some unknown strong interaction. However, as mentioned before, the target was polyethylene in part of the runs; it is estimated that in about Sod of the collisions the primary protons interacted with the hydrogen contained in this substance. Thus, if nuclei (other than protons) were ineffective in producing monopoles, the values of 0", mould have to be increased by a factor 20.
(b) The apparatus was designed to be effective in detecting monopoles produced in the oil by p rays from the primary target. In estimating upper limits for the cross section of this process, it was again assumed that any south monopoles produced in the oil would have been detected.
The estimates were based on the p-ray spectra measured phase-space data was deemed to be even less reliable, as a.t the highest measured points the experimental curves appear to depart from the phase-space curves not only in intensity but also in shape. ) On the assumption that the center-of-mass spectrum is independent of primary energy, a 30-BeV spectrum was simply obtained by a Lorentz transformation. (Due to this assumption the intensity of the upper part of the spectrum will be somewhat underestimated. ) A small correction for the increase of x multiplicity with proton energy was applied, but is actually negligible compared to other uncertainties. Spectra for other angles were obtained by interpolation. Resulting 30-BeV spectra are shown in Fig. 2 where the dashed portion of the curves corresponds to the above-mentioned extrapolation. At the highest energy shown the extrapolation may be in error by as much as a factor 10.
These spectra were then used to obtain the distribution of photon path 1-ngths in oil for our experiment.
To do this the oil vessel was divided into segments as seen from the target and a numerical integration performed to obtain the product photon number per interaction times path-length in oil, in cm, for each 1-BeV photon-energy interval from 2 to 20 BeV. These photon-number times path-length products were corrected for y-ray absorption in the oil assuming a radiation length of 50 cm, and were multiplied by 2X j.0", the total number of interactions in the target corresponding to the effective target thickness t=20 g/cm'.
The differential path-length spectrum so obtained was then converted to the integral spectrum 1. (E"), the total path length in oil of quanta having an energy & I':~. Both the integral and the differential path-length spectrum are shown in Fig. 3 . The dashed portions of the curves depend on the extrapolations of Fig, 2 . Be-low 13 to 14 BeV, however, the uncertainty of the extrapolation afI'ects the curves of Fig. 3 
where nz~is the mass of the target nucleus, or nucleon.
For mc'=2. Fig. 2 , but below 13 -14 BeV little uncertainty is so introduced, because most of the contribution to the path length comes from photon emission angles for which extrapolation was not needed.
monopole, insofar as they may be produced in the primary target, a further test was required.
If we assume that monopoles are trapped in the aluminum wall so as to be immobilized against a 6eld of 30 G over the duration of a run, then they will surely remain in place in the ambient 6eld of 1 or 2 G that prevails when the solenoid is o6. Such rnonopoles would simply accumulate in the apparatus, and could ultimately be extracted by the brief application of a very strong field. A final test of this sort was performed in a manner quite similar to the one used to extract monopoles possibly trapped at the oil surface (see Sec. 3).
Again, the small coil was mounted in the large solenoid which was now closed at its bottom by a base plate. The part of the oil well facing the primary target -which had previously received secondaries from about 4&(10" circulating protons -was cut into disks. These disks were inserted, one after another, into the coil assembly at a height suitable for focusing. Then the large coil was energized to 500 G and the small one pulsed to about 10 kG. Monopoles of unit charge bound by less than about 10 eV should so have been extracted. The response of the emulsion detector to unit-charge monopoles presents no diS.culty. The energy acquired by such a monopole from the solenoid is doubled, as compared to that of the "half-charge" monopole, while the range is halved owing to the quadrupled coQision loss. Making allowance for the energy loss in the windows and the short air path, one still finds that the track of such a monopole in the emulsion should have been
